Efficient fibre formation for all regioregular poly(3-alkylthiophene)s (P3ATs) with alkyl chain lengths (A) between 3 and 9 carbon atoms has been accomplished in several solvents. It was observed that for the aliphatic and (chlorinated) aromatic hydrocarbon solvents used, the solvent refractive index offers some rationale to predict the feasibility of a solvent for fibre formation. The fibres were separated from remaining non-organised polymer by centrifugation. This enabled the characterisation of the isolated fibres in function of alkyl chain length (A) with TEM, AFM, XRD and UV-Vis spectroscopy. The fibres are 20 +/− 5 nm wide and 0.5 to >4 µm long and mainly crystallize in the common type I crystal phase. The order within the fibres was probed with XRD, SAED, and UV-Vis and was found to strongly improve with increasing alkyl chain length in going from P33T to P35T, resulting in a longer conjugation length. For P35T to P39T the improvement in order is only marginal.
Introduction
Regioregular poly(3-alkylthiophene)s (P3ATs) are among the most widely studied conjugated polymers for organic electronic devices. Especially poly(3-hexylthiophene) (P3HT) has been studied intensively. P3HT has favourable electronic and optical properties and a good processability.
Furthermore, it has a strong tendency to crystallize.
Well-developed crystals of P3HT have a fibrillar shape, can be several micrometers long and have a cross section of approximately 20 × 4 nm. [1] [2] [3] More importantly, these fibres have been identified as the main hole conducting channels in optimally annealed, state-of-the-art bulk heterojunction solar cells (BHJSC) 4 and field-effect transistors (FETs). 5 Crystallization already occurs upon solution deposition under fast drying conditions like with spincoating. Crystallinity can be enhanced, in general, by slowing down the drying speed (low spin speeds, drop casting, dip-coating [5] [6] [7] whether or not in combination with high boiling solvents) 8, 9 and also by post-production treatments like 'thermal annealing' 10, 11 and exposure to solvent vapour ('solvent vapour annealing'). 12 All these methods increase the time available for the molecules to order and hence promote fibre formation.
In most devices (BHJSCs and FETs) studied up till now, the fibres were formed during thermal annealing of the active layer. It has however long been recognized that these fibres can also be formed in solution. 1 15 Recently, it has been shown that 3.5% efficient P3HT-PCBM solar cells can be directly processed from nanofibre solutions without annealing. 3 The direct deposition of nanofibre dispersions offers a highly attractive alternative to conventional processing from good solvents since it does not require a thermal treatment step. Therefore, it allows for the use of, for instance, flexible, transparent substrates like polyethylene terephthalate (PET).
PET has a T g of around 75 °C, which is incompatible with conventional heat treatment for P3HT, typically around 140 °C. Additionally, processing from nanofibre dispersions, or more general, nanoparticle dispersions, may offer a better control over the final morphology and crystallinity of the active layer as has been demonstrated for P3HT:PCBM solar cells. 3, 16 It may also allow for the processing of polymers with low solubilities, as has been demonstrated with poly(3-butylthiophene)
fibre-based solar cells. 17, 18 One of our research goals is to establish the effect of the alkyl side chain length of P3ATs on device properties. It is a common believe 19 that P3HT offers the best compromise between electrical conductivity and solubility/processability where conductivity decreases and solubility increases with increasing side-chain length. This believe is based mainly on FET studies that compare the hole mobility of spin-coated layers of several P3ATs casted from one solvent with, or without annealing.
However, high temperature annealing, which for P3ATs typically is performed well below the melting point (for P3HT at 140 °C vs mp at 220 °C) does not guarantee that fully relaxed systems are obtained. The nanofibre approach offers an attractive way to study the influence of alkyl chain length on material and device properties on a more equal footing, since nanofibre formation by crystallization in solution is expected to give more evolved and relaxed systems than those that can be obtained by thermal annealing. It also offers morphology control beyond what can be reached in conventional ways.
Although a few reports have addressed the formation of P3AT nanofibres from solution, 1, 17, 18, [20] [21] [22] more systematic studies are still scarce and it is not yet clear what solvents are most suitable for nanofibre formation. In this study we have addressed this issue for all P3ATs with n-alkyl side chains that contain in between 3 and 9 carbon atoms (3 A 9) . A selection of solvents and fibre formation conditions were found that give high yields of fibres (>60%) that have a high internal order, without (extensive) formation of larger aggregates, at concentrations suitable for device preparation (order of 0.1−1 wt. %). The isolated fibres were further characterized by AFM, UV-Vis spectroscopy and XRD.
Results
In order to avoid confusion and for consistency we will proceed with using the abbreviations P34T, P36T and P38T instead of commonly used P3BT, P3HT and P3OT for poly(3-butylthiophene), poly(3-hexylthiophene) and poly(3-octylthiophene).
Polymer synthesis and properties
The regioregular P3ATs used in this study were synthesized by us from 2,5-dibromo-3-alkylthiophenes using the Rieke method (Experimental Part and SI_Figure 1). Salts and low molecular weight (MW) material were removed by Soxhlet extraction with methanol and hexane, respectively. This yielded polymers P33T to P39T in 50-80% yield with high regioregularities (RR 94.5%) ( Table 1) . Molecular weights were measured with GPC versus a polystyrene standard in chlorobenzene. The M n values obtained for P34T to P39T are in a fairly narrow range; between 16.7 and 28.0 kg mol -1 . It is well known for P36T that GPC overestimates M n by a factor of ~2.0. [23] [24] [25] Hence the absolute M n for our P36T is estimated at 11.9 kD which corresponds to a degree of polymerization DP n of 71 and to a contour length l n of 28 nm (using a value of 7.84 Å for the crystallographic c-axis 26 ). Table 1 . Characterization data of the studied P3ATs (see also Table 2 ).
1) GPC values reported versus polystyrene standards at 60 °C in chlorobenzene. 2) Data in square brackets are from ref. 27 .
3) Yield determined with respect to the amount of organozinc monomer. 4) Regioregularity as determined by the ratio of the α-methylene protons that represent HT and non-HT couplings. 5) Measurements performed at 26 °C in 1,2,4-trichlorobenzene (TCB). 6) Low solubility impeded accurate measurements. 7) Data of second heating run. The solubility of P33T in chlorobenzene was too low for GPC analysis. The melting point and the absorption maximum at 467 nm (recorded in 1,2,4-trichlorobenzene) are, however, in agreement with the trends observed for the other polymers. Moreover, the width of the fibres obtained for P33T
(~20 nm, vide infra) was identical to that of the other polymers. This, and the identical way of synthesis, all indicate that P33T has a DP comparable to that of the series P34T-P39T.
UV-Vis absorption spectra of the (well-dissolved) polymers obtained in CHCl 3 display a π-π* transition peaking around 450 nm. 28 The position of the maximum is quite insensitive to alkyl chain length. 27 Since our P33T and P34T could not be completely dissolved in CHCl 3 , another solvent, 1,2,4-trichlorobenzene, was used to compare the solution spectra of the whole series. Only slight variation of λ max with alkyl chain length was observed, reaching a maximum value of 471 nm for P36T and P37T and the lowest value of 467 for P33T and P39T ( Table 1) .
Fibre formation and isolation
Fibres were prepared by the slow cooling to room temperature (r.t.) of a heated, orange-coloured solution of P3AT in a suitable solvent. 1, 3 For each polymer several solvents were tested for suitability as fibre-forming solvent in the concentration range from 0.1 to 2 wt %. Some criteria and guidelines were used for solvent selection. Firstly, in view of device preparation, an appreciable amount of fibre (> 50 %) had to be formed without the formation of other, usually larger, precipitates as observed in UV-Vis. To allow for spin-coating layers of sufficient thickness (>20 nm), we aimed at fibre formation in the concentration range of ~0.3 to 1 wt %. Higher concentrations would cause gelation, resulting in nonuniform layers upon spin-coating, while lower concentrations would give layers of insufficient thickness. Secondly, solvents which are known as good solvents for fullerenes and solvents with a boiling point not deviating too much from that of p-xylene (138 °C), were favoured. p-Xylene is a suitable fibre forming solvent for P3HT. 1, 3, 13 It turned out that there is not one solvent that even fits the first requirement for all polymers we
used. For most solvents tested, the solubility of individual P3AT polymer chains increases with increasing alkyl side chain length. This is also the case for the dispersibility of the fibres. Therefore, for a given solvent, high yields of dispersible fibres were only obtained for 1 to 3 polymers (with consecutive side chain lengths) in the concentration range of 0.3 to 1 wt %. The fibre yield was found to be rather insensitive to concentration in this range. The polymer-solvent combinations that were selected for fibre formation are listed in Table 2 . polymer-solvent combinations that gave ( ) over 50% fibre formation, and ( ) less than 50% fibre formation; ( ) combinations that afforded no fibre at all, or less than 5% fibre. Indicated are the approximate solubility limit at room temperature (solid line; 100% fibre formation) and the line of approximately 50% fibre formation (dashed line).
Previously, attempts have been made to relate the solubility of P3ATs and the tendency to form nanofibres to the difference in solubility parameter δ between solvent and polymer. solvent if their solubility parameters are similar. In this view, a certain but not too large difference in solubility parameters between polymer and solvent is needed for fibre formation.
Unfortunately, δ values are not known for all polymers and solvents used in this study and the values that are known do not seem to be able to predict fibre formation very well. We observed that for aliphatic hydrocarbon and (chlorinated) aromatic hydrocarbon solvents the solvent refractive index n D has an equal or better predictive value in determining if the solvent will be a suitable solvent for fibre formation. In Figure 1 , we plotted polymer-solvent combinations that gave fibre formation in the 0.3 -1 wt % concentration range without forming larger precipitates as a function of n D and alkyl chain length. Also indicated are lines for 100% and 50% fibre formation. From It should be noted that the lines of 50 and 100% fibre formation in Figure 1 are concentration dependent. For example, while p-xylene was found to be a good solvent for fibre formation for P36T
and P35T, it could also be used for P34T, but only at lower polymer concentrations (~0.1 wt %).
Two solvents in Figure 1 that behave unlike the other solvents are cyclohexanone and anisol. The latter solvent has been claimed to be more appropriate for fibre formation than for example p-xylene with respect to fibre yield. 22 We found that at concentrations between 0.1 and 1% it is suitable for the formation of fibres for P34T to P37T. Nevertheless, in our hands larger precipitates were obtained for P38T and P39T and pinane was to be preferred over anisol. Within the Hansen model, the anomalous behaviour of anisol and cyclohexanone can be attributed to the relatively high hydrogen (δ H ) and also polar contributions (δ P ) of these solvents to δ. 34 These contributions may also explain the difference between anisol and cyclohexanone on one hand and chlorobenzene on the other, which all have similar Hildebrand parameters (19.5, 19.6 , and 19.6 MPa 1/2 , respectively). 30, 31 For all polymers, the formation of fibres was accompanied by a change in the colour of the solution from clear orange to dark red or purple and by an increase in the viscosity. In UV-Vis absorption spectroscopy, the absorption band at 445-467 nm was replaced by a bathochromically shifted band with vibrational structure.
For P33T in 1,2,4-trichlorobenzene, fibre formation was complete within a few hours, even at concentrations as low as 10 -4 wt %. For P3ATs with alkyl chains between 4 and 7 carbon atoms, fibre formation was completed in 2 to 4 days while for P38T and P39T it took up to 10 days to complete fibre formation (as judged from UV-Vis spectrum). For the polymer-solvent combinations in Table 2 , fibre formation was completed in less than 0.5 to 14 days and the time needed for fibre formation to go into completion increased with alkyl chain length. It was also noted in many cases that freshly formed fibres dissolve at lower temperatures upon reheating than fibres that have aged for 1 to 2 days. Apparently, after formation, some reorganization still takes place. In one case, P35T in 1,2,4-trimethylbenzene, the fibres could not completely be redissolved upon heating after formation. ε Τ = molar attenuation coefficient based on molar monomer concentration´.
2) Conditions: chlorobenzene; 60 °C; MW reported versus polystyrene standards.
3) Boiling points and refractive indices from ref 35 . or, in case of cis/trans-decalin, the supplier. 4) Fibre yield based on fitting the GPC trace (left) and the UV-Vis spectrum (right) (see text). 5) Bold numbers are real maxima, normal numbers were obtained via fourth derivative analysis. 6) P33T has a very strong tendency to form fibres, even at concentrations as low as 10 -4 wt. %. The low concentrations that had to be used consequently introduce a larger error. 7) Low solubility impeded the measurement.
8) The reduced absorption spectrum, i.e. A/ν versus ν was used to determine A 0-Pure fibres were obtained by centrifugation of the pristine fibre dispersions (see Experimental Part). The isolated fibres were then centrifuged 5 times with clean solvent to remove any welldissolved polymer. For every polymer, the isolated fibres and the supernatant of the first centrifugation (that contained most of the well-dissolved polymer) were characterized with GPC ( Table 2 , and SI_Figure 3 in Supporting Information). Fibre formation was found to be accompanied by molecular weight fractionation. The M n values of (re-dissolved) polymer from fibres had increased to 102-148% of their overall values, while those for non-aggregated polymer in solution had reduced to 33-58%. Due to this fractionation, also the polydispersity of the polymer fraction incorporated in the fibres reduced significantly for many of the polymers. This effect was more pronounced for polymer-solvent combinations that had relatively low fibre yields (see below;
P35T and P36T) and for polymers with a relatively low M n (P35T).
The MW fractionation upon fibre formation indicates that high MW polymer chains tend to precipitate first. Increasingly lower MW material then is incorporated in the fibres until a certain lower MW boundary has been reached. It can be expected that besides a high MW also a high RR of the individual polymer chain increases its tendency to precipitate.
The mechanism of fibre formation has been investigated in detail for P36T and P3(12)T in xylene. 36 It was concluded that fibre formation is a two-step process. In the first step, the polymer chains undergo a coil-to-rod conformational change, while in the second step the rod-like polymer chains crystallize to form a fibre. It was found that an increase in alkyl chain length reduces the overall energy barrier for fibre formation. However, while for P36T the crystallization step had the highest activation energy and appeared to be the rate-limiting step, for P3(12)T this was the rod-tocoil transformation. The MW fractionation enabled the fibre yield to be determined on the basis of the obtained GPC traces (see Figure 2B and SI_Figure 3). By fitting the GPC trace of the pristine polymer as a sum of the GPC traces of the pure fibre and well-dissolved polymer fractions, the yield of fibre formation could be calculated for P34T to P39T as the area under the fibre trace divided by the area under the pristine polymer trace (in a ∆n D versus 'log MW' representation). 37 The fibre yields obtained in this way are in the 75-95 % range for the polymer-solvent combinations presented here.
The fibre yield was also determined with UV-Vis spectroscopy (see Figure 2A and SI_Figure 2).
To this end, the absorption spectrum of the pristine gel was fitted as a sum of the pure fibre absorption spectrum (obtained after fibre isolation) and the corresponding absorption spectrum of well-dissolved polymer. Yields determined with this method ( Table 2 ) are in excellent agreement with those obtained with GPC. For P39T it was found that the fibre yield was very sensitive to temperature around room temperature. Slight heating quickly dissolves fibres into individual polymer chains and reduces the fibre content.
Fibre characterization
The fibres isolated by centrifugation were characterized with AFM, TEM, XRD and UV-Vis spectroscopy.
Morphological study (AFM and TEM)
Tapping mode AFM height and phase images of fibres of P33T to P39T from several solvents are given in Figure 3 . The fibres were deposited on an SiO x covered monocrystalline silicon (100) surface by dipping the silicon substrate in a diluted (0.05 wt %, unless indicated otherwise) pristine fibre solution for 1 minute followed by blowing off excess solvent with an N 2 stream. For TEM and XRD, dispersions of fibres isolated by centrifugation were spin-coated or drop-casted and examined.
Bright-field TEM images and SAED (selected area electron diffraction) patterns of fibres in selected solvents are also given in 
For all polymer-solvent combinations used, the fibres are 20 +/-5 nm wide and 0.5 to >4 µm long. Thicknesses were found to vary between 2 and 10 nm ( Table 3) . A clear increase in the thickness of the fibres with alkyl chain length was not observed. Using SAXD, Ihn et al. 1 have
found that the P36T fibres they obtained from solution had a thickness of 2 to 5 nm (2 to 3 polymer chains). For P36T down to P33T, AFM shows that the fibres have an increasing tendency to form bundles of fibres. 
(F) (G) (H)
Table 3 AFM data on fibres of P3AT deposited on SiO x /Si (100). X-Ray diffraction data (2θ values and unit cell parameter a) on the 100 reflection of drop-cast P3AT isolated fibre films on SiO
Structural model of isolated P3AT fibres
X-ray diffraction (XRD) (Figure 4 ) on drop-casted layers and selected area electron diffraction (SAED) (Figure 5 ) on spin-coated layers were used to characterize the crystalline structure of the isolated P3AT fibres. XRD spectra were recorded in a coupled θ-2θ-geometry, which ensures that only crystal planes parallel to the substrate surface are probed. The diffraction data are given in For P3ATs crystallized from solution, at least two crystal structures are known, usually indicated by the numbers I and II. 1, 26, 38, 39 The type I crystal structure is most commonly observed. In the very basis, it can be described by an orthorhombic unit cell, while more advanced studies suggest a monoclinic unit cell with the monoclinic angle close to 90° (Figure 6 ). In this form, the polymer chains are oriented along the c-axis, perpendicular to the fibre axis or b-axis. The alkyl side chains point mainly in the direction of the a-axis, which scales linearly with alkyl side chain length. The polymer chains stack their planarized π-systems in the b-direction and these stacks pile up in the adirection, forming layers of a lamellar structure which make up the height of the fibre. The typical π-stacking distance in the type I structure is 3.8 Å and the alkyl side chains do not interdigitate.
Instead, they are tilted away from the thiophene backbone plane by ca. 30° as to efficiently fill up the space between them.
The type II crystal structure resembles the structure of type I, but is believed to have the alkyl side chains interdigitated. 39 This results in a ca. 30 % shorter a-axis that has a smaller dependence on the alkyl side chain length then for type I. 39, 40 To allow for side chain interdigitation, the π-stacking distance (taken to equal the lattice constant b) is increased from 3.8 to 4.7 Å for P38T. 39 With the exception of P37T (see next section), the observed reflections in XRD for all fibres can be assigned to the (100), (200) and (300) reflections within the orthorhombic framework of the type I form. The intensity of the higher (300) reflection relative to that of the (100) reflection was found to increase with increasing alkyl length up to A = 6 (Figure 4) while that of the (200) reflection remained almost indifferent with alkyl chain length. This trend can be attributed to an increasing order in the direction of the a-axis with increasing alkyl chain length in going from P33T to P36T.
Similar observations have been made for films of a series of four ca. 80 % regioregular P3ATs with
A values of 0, 4, 6, and 12 by Tashiro et al., 41 who observed a 'lowering of the rate of intensity decrement in the series of (h00) reflections with increasing alkyl chain length', coupled with a narrowing of the half width of the (h00) reflections with increasing alkyl chain length.
The Full Width at Half Maximum (FWHM) of the XRD diffraction peaks can be related to a crystal size by using the Scherrer equation: FWHM (2θ) = 0.9 λ / ξ ⋅ cos θ, where ξ equals the crystallite size, λ the wavelength of the radiation and θ the angle of incidence. For P33T and P34T, ξ is around 10 nm. Higher values, between 12 and 15 nm, were obtained for P35T to P39T (excluding P37T).
The SAED data support the assignment to the type I form with the diffraction peaks at ca. 3.8 Å, presumably mainly due to the (010) reflection of form I with a minor contribution of the (002) reflection. 1, 26 For P33T to P36T also a weak but distinct diffraction ring around 5 Å is visible. This is likely to be due to the presence of a small amount of the interdigitating phase II. For P38T and P39T a broad peak around 4.5 Å is visible, which could also be due to the presence of some phase II.
No evidence was found in XRD, however, for the presence of type II and other phases.
For P33T even more diffraction peaks are discernible in the SAED pattern. Remarkably, the (100) reflection is also visible (10.6 Å) as a ring with a very small radius. The (100) reflection was not observed in the SAED patterns of the other P3ATs. Although the presence of additional phases cannot be excluded, we therefore attribute the additional peaks and the (100) reflection in SAED to a less pronounced preferential orientation of the P33T fibres relative to the substrate. This is most likely caused by the bundling of the fibres as was observed with AFM (vide supra); the fibres in these bundles apparently lack the freedom of movement to orient to the substrate independently of the other fibres. has been found for P3ATs cast from solution 42 and recently, a slope of 1.9 Å and intersection of 5.1 Å have been found for fibres obtained from anisol. 22 This indicates that the structure of the fibres under consideration is identical to the type I phase previously found in the solid state for P3ATs with even A values of 4 to 14 and also identical to the fibres from anisol (even A values of 4 to 10).
Structural model of isolated P37T fibres
For P37T fibres grown from cis/trans-decalin and pinane anomalous results were obtained in XRD, SAED and UV-Vis (vide infra). These results point to a structure that is slightly different from the normal orthorhombic type I structure. From UV-Vis it was deduced that the fibres from pinane consist of the most pure form of this new structure, while those from decalin contain a significant amount of the normal type I structure. We will therefore focus on the P37T fibres obtained from pinane.
The broadened (100) Hence, the crystal structure obtained for P37T is interpreted to be a slightly modified type I structure that we will refer to as type I'.
UV-Vis spectroscopy and intermolecular coupling
The UV-Vis spectra of thin films of the isolated fibres of P33T to P39T are depicted in Figure 7 .
Absorption maxima are compiled in Table 4 . It can be clearly seen that the increase in alkyl chain length in going from P33T to P35T induces a strong increase in the vibrational structure. Also the band maximum red-shifts with increasing alkyl side-chain length from 482 nm for P33T to 556 nm for P35T. For P35T to P39T with the exception of P37T, the band maximum undergoes a modest red-shift from 556 nm to 562 nm. Simultaneously, the relative intensity of the first vibronic transition around 610 nm slightly increases at the cost of the third vibronic transition around 520 nm. 2)
The reduced absorption spectrum, i.e. A/ν versus ν was used to determine A 0-0 /A 0-1 .
3) Not observed. 4) Annealed for 10 min at 70 °C.
The spectrum of P37T displays much less vibrational structure than observed for P36T and P38T.
Fourth derivative spectroscopy reveals vibrational peaks at ~495, 547 and 592 nm for P37T fibres in the thin film as well as a peak at 621 nm which indicates that the normal type I form is also present.
The first vibrational peak at 592 thus is blue-shifted by 0.075 eV as compared to the peaks observed for P36T (613 nm) and P38T (615 nm).
Recently, it has been shown theoretically 43, 44 and experimentally 45 that the absorption and emission of the lamellar organised aggregates of P36T can be described and understood in terms of an H-aggregate type chromophore with weak interchain coupling. The reduced intensity of the first (0-0) peak of the vibronic progression in absorption and emission as compared to those observed for isolated polymer chains (in solution) can be explained within this model.
In the H-aggregate, the 0-0 emission is symmetry forbidden, but weakly allowed by (spatially 
where n 0-i is the real part of the refractive index at the 0-i peak and E p is the energy of the vibration coupled to the electronic transition (0.18 eV for P36T). If it is assumed that the refractive index ratio n 0-1 /n 0-0 is equal to 1 (for a P36T thin film a value of 0.97 has been measured) 45 and if the value for E p of 0.18 eV is assumed to be valid for all polymers, W can be calculated on the basis of the A 0-0 /A 0-1 obtained for fibre films (Table 4 ) and for fibres in solution ( Table 2 ). Figure 8 shows that W, independent of refractive index of the medium (thin film or fibre dispersion) decreases strongly in going from P33T (0.19 eV) via P34T (0.16 eV) to P35T for which it reaches a stable value of around 0.04 +/-0.01 eV (except for P37T, vide infra). A lower value of W is associated with a larger conjugation length and hence it can be seen that the conjugation length saturates with increasing side chain length at 5 carbon atoms.
For P37T fibres from pinane, a significantly lower value of W 0.01 eV was obtained. From SAED (vide supra) we deduced a stacking distance for P37T of 4.0 Å that is significantly larger then for the other P3ATs investigated. An increase in the interchain distance is expected to lead to a reduced interchain coupling and hence a reduced value of W. We therefore attribute the reduced value of W to an increased interchain distance for P37T, although an effect of the conjugation length cannot be excluded completely. 
Conversion of P37T from type I' to type I
Upon annealing a film of P37T fibres from pinane for 10 min at 70 °C, the XRD and SAED patterns of type I crystal are obtained (Figure 9 , Table 3 ). In UV-Vis (Figure 9 , Table 4 ), a redshift is observed and the vibrational progression typical for type I is regained, albeit less pronounced than for P3AT fibres obtained directly in the type I form. Remarkably, the low free exciton bandwidth W retains its value of ~5 meV upon annealing, while the π-π stacking distance is reduced from 4.0 to 3.8 Å ( Table 3 ). This suggests that the conjugation length is indeed much larger in P37T fibres than in the other fibres. The conversion to the type I crystal form was also attempted in solution. A 0.5 wt % dispersion of P37T fibres in pinane was kept at 50 °C and 60 °C and the evolution of the UV-Vis spectrum was followed in time ( Figure 10 , and SI_Figure 5). After 4 days, the solution was allowed to cool to room temperature and 24h later the last spectrum was recorded. At both temperatures the peaks at 541 and 580 nm associated with the type I' phase were slowly replaced by peaks at 522, 557 and 605 nm, characteristic for the type I crystal structure. Remarkably, upon cooling after 4 days, the polymer that crystallises from solution again crystallises in the type I' phase and not in the type I phase, preventing the formation of pure type I fibres in solution. This can be deduced from the disappearance of the vibrational structure in an identical way as is observed upon initial heating.
It is also remarkable that the UV-Vis spectrum obtained 1 day after cooling from 60 °C is virtually identical to thin film spectrum obtained upon spin-coating P37T from chlorobenzene solution ( Figure 10B ). This suggests that the phase I' obtained for P37T fibres could serve as a model for the kind of disorder encountered in P3AT films spin-coated from good solvents like chlorobenzene.
It is not well understood why only P37T has such a high tendency to form fibres of the type I' phase. It is known that the formation of the type II phase, which bears some similarities with the type I' phase, is favoured for low MW and lower (~80 %) RR P3AT samples. 40 Our P37T, however, does not have a significantly lower MW or RR as compared to the other P3ATs. The only sign of a possibly higher than average chain defect level is the slightly lower than expected m.p. as observed with DSC ( Table 1) . The interplay between solvent and polymer during fibre formation and more in particular the incorporation of solvent molecules in the fibres during their formation 46 could also play a role in the preferred formation of the type I' crystal phase. 
Conclusions
Efficient fibre formation for all regioregular poly(3-alkylthiophene)s with alkyl chain lengths between 3 and 9 carbon atoms has been accomplished in several solvents and fibres from selected solvents have been isolated by centrifugation and characterized. The fibre yield could be determined by both UV-Vis and GPC. It was observed that for the aliphatic and (chlorinated) aromatic hydrocarbon solvents used, the solvent refractive index offers a way to predict if fibre formation will be feasible or not (provided that the boiling point of the solvent is not too low).
Structural characterization of the fibres with AFM and TEM revealed that they are 2-5 nm in height, 15-25 nm wide and 0.5 to >4 µm long. All fibres, except for those of P37T, crystallized in the well-known type I non-interdigitating crystal form with a π-π-stacking distance of ~3.8 Å Evidence was obtained from SAED for the presence of small amounts of type II phase in almost all fibres. All fibres, except for P33T, were found to strongly orient with the a axis perpendicular to the substrate plane. The a axis of the P33T fibres was found to be less oriented with respect to the substrate plane. This was attributed to bundling of these fibres.
The order within the fibres was probed with XRD, SAED, and UV-Vis and was found to strongly improve with increasing alkyl chain length in going from P33T to P35T, resulting in a longer conjugation length. For P35T to P39T the improvement in order is only marginal.
Fibres from P37T, were found to mainly crystallize in a type I-like crystal that we refer to as type I'. This new crystal structure has a lattice constant a that is marginally shorter than that of phase I and a slightly longer lattice constant b of 4.0 Å and thus in XRD can hardly be distinguished from phase I. It is furthermore characterized by a blue-shifted absorption band in UV-Vis spectroscopy.
The type I' fibres were converted into normal type I fibres in the solid state at 70 °C and in solution around 50 °C. In the solid state, this led to type I crystals with an increased conjugation length.
Future work will concentrate on the use of these nanofibres in both FET-devices and solar cells. It is believed that the use of nanofibres in these devices will allow us to better correlate materials properties with (opto-)electrical device characteristics.
Experimental
Solvents were used as received: o-xylene, p-xylene (both ≥99%) and pinane (>98%; isomer mixture) were obtained from Merck, decahydronaphthalene (≥98.0%; cis/trans mixture) and 1,2,4-trichlorobenzene (≥99.0%) from Fluka and 2-chlorotoluene (99%) from Aldrich.
Details on NMR spectroscopy are given in the ESI.
Analytical Size Exclusion Chromatography (SEC) was performed using a Spectra series P100 (Spectra Physics) pump equipped with two mixed-B columns (10 µm, 2 × 30 cm, Polymer Labs) and a Refractive Index detector (Shodex) at 60°C. Chlorobenzene was used as the eluent at a flow rate of 
Fibre preparation and isolation
Fibre preparation was done under N 2 atmosphere and protected from light. A mixture of polymer in the appropriate solvent was heated for 30 min at temperature T 0 (Table 5) to dissolve the polymer.
The orange solution was slowly cooled to room temperature. By simply switching off the heating, the temperature decreased exponentially from T 0 to r.t., typically with half-value decay times with respect to (T 0 -r.t.) of 20 to 60 minutes. The gel that formed was allowed to stand at room temperature for at least 14 h (P33T), 2 days (P34T to P36T) or 10 days (P37T to P39T) before using.
After these times, no changes in the UV-Vis were detected and fibre formation was found to be complete. Fibres were isolated by centrifugation for 30 min at 10.000 G (12.000 for P34T in ochlorotoluene). Table 5 Experimental conditions for P3AT fibre preparation. Concentrations are given in Table 2 .
Fibre characterization
AFM measurements were performed in air using a Veeco Dimension microscope equipped with the Nanoscope III controller and the Quadrex module. The scanning process operated in non-contact mode (tapping mode) to avoid tip induced artifacts. Etched Si probe from Nanosensor GmbH (Ref.
PPP-NCHR) finally ensures measurements with high spatial resolution (5-10 nm tip radius).
X-ray diffraction (XRD) diffractograms of fibre films were recorded at 20 °C using a Siemens D5000 diffractometer using CuK α1 (1.54056 Å) radiation. The 2θ range measured is 2-40° with a step size of 0.04° and a counting time of 20 s. The films were obtained by drop casting of ~0.3 to 1 wt % solutions (stirred for 24 h) on an SiO x covered monocrystalline Si(100) substrate, followed by drying in a glove box.
For the TEM measurements freestanding films were prepared. The TEM experiments were performed with a Philips CM12-STEM using an accelerating voltage of 120 kV. Thin films for TEM were prepared by spin coating of a ~ 0.3 to 1 wt % fibre solution (agitated for 24 h) on a glass substrate at 500-2500 rpm (speed depending on viscosity), followed by drying in a glove box when necessary. The polymer films were detached from the glass using a 40% HF solution (caution: HF is strongly toxic!) and then washed with distilled water twice. 
Supplementary Information Poly(3-alkylthiophene) synthesis
A short description of the synthesis of P36T is given. Other polymers were synthesized in an identical way, starting with different alkyl Grignard reagents.
Hexylmagnesium bromide (Aldrich, 2M in diethyl ether) was coupled to 3-bromothiophene (ACROS, 97%) in dry diethyl ether at room temperature using Ni(dppp)Cl 2 as the catalyst following published procedures. 47 The resulting 3-hexylthiophene was purified by vacuum distillation and converted into 2,5-dibromo-3-hexylthiophene in DMF using 2.2 eq. of NBS following Bäuerle et al. 48 The resulting product was purified by vacuum distillation. Poly(3-hexylthiophene) was prepared by reacting 2,5-dibromo-3-hexylthiophene with Rieke Zn*, followed by polymerisation with Ni(dppe)Cl 2 (0.1 eq) in THF at 60 °C according to literature procedures. 27, 49 The polymers were purified by precipitation in 2 M HCl-MeOH (1 : 2), followed by filtration and Soxhlet extraction with MeOH (24 h) and hexane (24 h). Yields varied from 50 % (P39T) to 66-80% (P33T to P38T). The polymers were characterized by 1 H-and 13 C-NMR, FT-IR and GPC. Analytical data were found to be in agreement with literature. 27 The 1 H-and 13 C-NMR data follow below:
Poly(3-propylthiophene) ( C chemical shifts are reported in ppm downfield from tetramethylsilane (TMS) reference using the residual C-H solvent resonance ( 1 H-NMR) and the C-D resonance ( 13 C-NMR) as an internal standard. For CDCl 3 these were set at 7.24 ppm and 77.00 ppm, respectively. For 1,4-dichlorobenzene-d 4 at 120 °C they were set at the values that we measure with respect to TMS at 60 °C; 7.03 ppm and 129.4 ppm, respectively. In CS 2 containing CDCl 3 (used for P34T), the shifts were referenced to CDCl 3 with the above-mentioned reference values. 
°C
SI_Figure 5 Time evolution of the UV-Vis spectrum of 0.5 wt. % P37T fibres in pinane at 50 °C. Shown spectra were taken at room temperature, after 30 min, 8 h and after 4 days, when the solution was cooled to r.t. The last spectrum was taken 24 h after cooling to r.t.
